Abstract APRIL, a member of the TNF superfamily, can induce cell proliferation and is overexpressed in most tumor tissues or cells. Nevertheless, it is still unknown about the effect of decreased levels of APRIL expression on tumor cells. In this study, we analyzed APRIL and HSPG expression in the colon carcinoma cell line, SW480 by Western blot and RT-PCR. And the up-regulation of APRIL and HSPG expression was found in SW480. We also observed that knockdown of APRIL levels in SW480, prominently reversed cell proliferation and partially resulted in senescence phenotypes. Furthermore, cellular senescence due to a decreased level of APRIL expression was associated with engagement of HSPG. Thus, our results suggest that low levels of APRIL play an essential role in cellular senescence via a HSPG-dependent signaling pathway in SW480.
Introduction
Tumor necrosis factor (TNF) is the prototypic member of a family of cytokines with important roles in immune regulation, inflammation, and cancer [1] . Extensive research has shown that there are at least 20 distinct members of the TNF superfamily and they exhibit 15-25% amino acid sequence homology with each other [2] . Except LTα, which is expressed only as a soluble molecule, TNF family members are expressed as cell surface proteins acting in a paracrine and autocrine manner. APRIL (a proliferation-inducing ligand, also known as TRDL-1, TALL-2, and TNFSF13) is a member of the TNF family and has been shown to be capable of inducing the proliferation of certain tumor cell lines in vitro and in vivo [3, 12] . Together with a related member of the TNF family, BLyS (B-lymphocyte stimulator) [15] [16] [17] , APRIL shares two common receptors, TACI (transmembrane activator and cyclophilin ligand interactor) and BCMA (B-cell maturation antigen) [4, 13, 14] . However, BLyS also binds to BR3 (BLyS receptor 3 or BAFF-R), the least-conserved member of the TNF receptor family [16] . Unlike BLyS, HSPG (heparan sulfate proteoglycans), which can be blocked by heparin, is found to serve as a special receptor or a binding partner for APRIL [17, 18] . BCMA, TACI, and BR3 are all expressed on B cells, while TACI and BR3 are also detected on the surface of some T cells [10, 16] . In contrast, HSPG may exist in Jurkat T cells, fibroblasts, and epithelial cell lines that do not express either BCMA or TACI [13] .
Both APRIL and BLyS promote B cell proliferation by binding to BCMA and TACI receptors, but the role of APRIL in immune regulation is not well defined [4] [5] [6] [7] [8] [9] 21] . Nonetheless, the biological role of APRIL does not seem to be restricted to proliferation induction [3] , but to be more complex, as a proapoptotic effect of APRIL has been demonstrate as well [19, 22] . Furthermore, overexpression in a number of tumors tissues or cell lines, such as colon carcinomas and lung cancer, suggests a regulatory role for APRIL in tumor growth [3, 11] . Cellular senescence, the actual age of the cell significantly exceeding the chronological age, can be ascribed to two major types: intrinsic and extrinsic senescence [32] . The term intrinsic senescence is used to describe the process of replicative senescence, which can be triggered by certain oncogenes and tumor suppressors to activate many, well defined pathways, which signal through oncogenes such as Ras, Raf, MEK or c-Myc [23, 29] . Activation of p53 and then through the p53→p21→Rb arm to induce senescence appears to be a central pathway of ageing [23, 34] . Moreover, p16
INK4a is a part of the canonical p16/Rb pathway which has long been known to play a role in the replicative senescence, often highly expressed in senescent cells in vitro [29] . siRNA-directed depletion of p16
INK4a in human fibroblasts leads to escape from telomere-dependent and independent senescence, raising the possibility of a cross talk between these two pathways, which can be facilitated by p38 [29, 31] .
However, the function of APRIL in cellular senescence when it is decreasingly expressed remains unidentified. In the present study, we report that knockdown of APRIL levels in the colon carcinomas cell line, SW480, prominently reversed cell proliferation and partially produced senescence phenotypes. Furthermore, cellular senescence induced by a reduced APRIL level was associated with engagement of HSPG. Our results suggest here that low expression of APRIL may play an essential role in cellular senescence through a HSPG-dependent signaling pathway in colon carcinomas.
Materials and Methods
Recombinant Plasmids, Cell Line and Relative Reagents pGCsi/H1/Neo/GFP plasmid vector (Genechem, Shanghai, China) was digested to line by the restriction enzymes, BamH I and Hind III (Promega, San Francisco, California, USA). Four pairs of chemically-synthesized shRNA oligonucleotides of APRIL were inserted into this plasmid through T4 DNA polymerase ligation at 16°C for 8 h, and designated pGsh637, pGsh1450, pGsh1534, and pGsh1750. The plasmids, pGEM-APRIL and pGEM-18S, were bacterial expression vectors in which the human APRIL or human 18S RNA PCR products were inserted in the poly dT sites of the pGEM-T Easy vector (Promega), respectively.
The colon carcinoma cell line, SW480 was obtained from ATCC, Manassas, USA.
TACI-Fc, a fusion protein of TACI and the human Fc fragment of immunoglobulin, (8 μg/ml; R&D, Poway, CA, USA) was used as a competitive reagent to block APRIL binding to TACI.
Heparin (8 U/ml; Pharmacy Department, Affiliated Hospital of Nantong University, China) was used as a blockage reagent for HSPG.
Analysis of APRIL mRNA Level by RTFQ-PCR
Real-time fluorescence quantitative PCR (RTFQ-PCR) analysis for APRIL was performed by using a LightCycler 1.5 Instrument (Roche, Mannheim, Germany). PCR was performed in a LightCycler capillary in a 20 μl reaction volume that contained 1× DNA Master SYBR Green I, 0.2 mM dNTPs, 3.5 mM MgCl 2 , 0.3 μM primers, and 2 μl cDNA. The PCR protocol was as follows: initial denaturation for 3 min at 94°C, 40 cycles at 94°C for 6 s, 60°C for 15 s, and 72°C for 12 s. Results were analyzed with LightCycler software, version 3.5.3.
Measurement of mRNA Levels of TACI, HSPG and BCMA by PCR Total cellular RNAs were isolated according to the manufacturer's protocol through TRIzol reagent (Invitrogen, Jefferson City, MO, USA). cDNAs were generated with 4 μg total RNA using the Superscript II reverse transcriptase and oligo d(T) (Fermentas, Burlington, Republic of Lithuania). Each 20 μl reverse transcription-PCR (RT-PCR) reaction contained 2 μl of the first-strand cDNA, 0.3 μM of each primer, 0.2 mM each of dNTP, 1.5 mM MgCl 2 , 1×polymerase buffer, and 1.5 units of Taq polymerase (Promega). The amplification profile was 30 s at 94°C, 40 s at 54°C (TACI), 58°C (HSPG), 54°C (BCMA), and 56°C (β 2 M), 1 min at 72°C, followed by a final extension of 10 min at 72°C. Reaction products were electrophoresed on a 2% agarose gel and sequenced.
Generation of Stably Transfected Cell Line SW480 cell lines were seeded at 1× 10 5 /12 well and the next morning were transiently transfected with lipofectamine 2,000 (Invitrogen), according to the manufacturer's instructions, with pGsh637, pGsh1450, pGsh1534, pGsh1750, or negative control plasmids. After 48 h, cells were screened by neomycin G418 (Invitrogen, 600 μg/ ml) and harvested about 14 days later for the next analysis.
Cell Senescence and Apoptosis Analysis SA-β-gal (Senescence-associated β-galactosidase) activity test kits were purchased from Genmed Scientifics, Inc. (Arlington, MA, USA). Cells were stained according to the manufacturer's protocol. After SA-β-gal staining, the percentage of blue cells per 200 cells were observed and calculated under an inverted light microscope (Leica, Germany).
Meanwhile, cellular nuclei were stained by DAPI (Beyotime, Nantong, China). And cell numbers and nuclear sizes were analyzed by Ima-Pro Plus software. Furthermore, cell apoptosis and cell cycle profiles were examined by Flow Cytometry (FCM).
Cell Proliferation Potentia Assay
Three different cell suspensions were prepared after transfection by pGsh637 plus heparin, or pGsh637 or negative control plasmids. At the same time, a non-transfected cell suspension was prepared as a control. The protocol was as follows: 2×10 4 cells/24 well was as the initial cell number, counted once every 24 h by microscope after trypsinization for a total of eight times. The cell growth curve profile was drawn by using culture time as the x axis and cell number as the y axis. Population doubling time (PDT) was calculated as follow:
, t was presented as the culture time, N t and N 0 were the cell number of the initial time or after culturing for t time. The proliferation assay was repeated three times.
Detection of Protein Levels of APRIL, p16
INK4a by Western Blot Cells were washed with PBS, lysed in 50 μl of ice-cold protease inhibitor cocktail and RIPA buffer (Beyotime). Lysates were resolved by 5% and 12% SDS-PAGE before transfer to a nitrocellulose membrane (AMC, Ann Arbor, MI, USA). Then membranes were incubated for 4 h at room temperature with anti-hAPRIL antibody (Protein Tech Group, Chicago, USA) or anti-p16
INK4a (Acris, Himmelreich, Germany). The primary antibodies were visualized with goat anti-rabbit peroxidase-conjugated antibodies (Sigma, St. Louis, MO, USA) using an enhanced chemiluminescence (ECL) detection system. Blots were quantified by densitometry using acquisition into Adobe Photoshop (Apple, Cupertino, CA, USA) and analyzed with the Bandscan Image software.
Interaction of APRIL and HSPG by Immunoprecipitation
Proteins (~1 μg) of APRIL and HSPG were immunoprecipitated with either 1 μg HSPG syndecan-1 antibody (Protein Tech Group) or anti-hAPRIL, followed by protein A/G-Sepharose beads for 16 h at 4°C. Beads were washed with PBS and eluted by boiling in a SDS-PAGE sample buffer. 1/20 of the eluate was analyzed by Western blot with second antibodies labeled by HRP.
Statistical Analysis
Statistical significance was tested using a one-factor analysis of variance test for pairs or a non-parametric Wilcoxon test.
Results

A Prominent Knockdown Effect on APRIL Gene Occurred in the Colon Carcinoma Cell Line, SW480, After pGshAPRIL Transfection
In a previous study, Hahne et al. [3] provided evidence that APRIL was overexpressed in colon carcinoma cell lines. Therefore, we examined a knockdown effect of pGshAP-RIL in the colon carcinoma cell line, SW480. Specifically, we constructed four distinct oligonucleotides of pGshAP-RIL via a plasmid vector and transfected by using cation liposome particles. At first, considering that the transient transfection effect was very low, only about 14%, we utilized G418 to screen in order to increase the transfection effect. As expected, the average transfection effect was up to approximately 85% and cells formed good cell clones in sharp contrast to that of no screening (Fig. 1a) . The subsequent detection of protein level of APRIL in SW480 through Western blot revealed that APRIL had an elevated expression level in SW480 compared with the normal intestinal epithelium cell line, HIEC(unpublished data). At the same time, an exogenous pGsh637 shRNA aimed at the APRIL gene resulted in a prevalent depletion of APRIL protein level compared with control shRNA and so did pGsh1750 (P<0.01), whereas the knockdown capability of pGsh1450 was only about 50% or pGsh1534 showed almost no knockdown effect on APRIL (Fig. 1b) . To confirm these results in a more quantitative fashion, we also performed RTFQ-PCR (Fig. 1c) . This analysis closely mirrored the previous result, suggesting that APRIL had an overexpressed level in a colon carcinoma cell line and pGsh637 (hereinafter referred to as pGshAPRIL) had a high knockdown effect on APRIL gene in SW480.
Transfection of pGshAPRIL Deregulates the Growing Potency of the Colon Carcinoma Cell Line
When transfected with pGshAPRIL and counted once every 24 h, we observed that the logarithmic growing time of SW480 cells transfected with pGshAPRIL was between 4 and 7.5 days. In contrast, SW480 cells not transfected with pGshAPRIL or transfected with negative control plasmids had a rapid logarithmic growing time between 3 and 6 days (Fig. 2a) . PDT of untransfected group (1.61 d) was abbreviated than that of transfected group (2.84 d, P< 0.05). Thus, these data suggested that transfection of pGshAPRIL deregulated the growing potency of the colon carcinoma cell line, SW480, to some degree and indirectly demonstrated that APRIL may induce some tumor cells to proliferate.
Transfection of pGshAPRIL Trigger Cell Senescence of the Colon Carcinoma Cell Line, SW480
The colon carcinoma cells growth rate slowed after transfection with pGshAPRIL vectors. We also observed those cells had a different morphology compared to colon carcinoma cells which were untreated. It was their common characteristic morphology that the cells became more enlarged, flattened, and granular than before, and seemed to age after serial passageing for eight times. Therefore, we stained these cells with SA-β-gal in order to confirm whether they were senescent or not [29] . Stained pictures demonstrated that the percentage of blue cells was on average up to 67 per 200 cells, but that the negative control or untreated SW480 was about 7 per 200 cells (P<0.01). These results indicated cellular β-galactosidase activity, a symbol of cell ageing, had enhanced compare with that of no pGshAPRIL-transfection (Figs. 2b, c, 5a ). Accumulating evidences implicated transfection of pGshAPRIL induced cell senescence on the colon carcinoma cell line, SW480.
Induction of Cell Cycle Arrest by Exogenous Low-APRIL Due to Transfection of pGshAPRIL in the Colon Carcinoma Cell Line, SW480
To examine the possibility that decreased cell proliferation is the result of apoptotic cell death or cellular senescence induced by low levels of APRIL, we treated SW480 cells with stable transfection of pGshAPRIL and measured cell apoptosis by FCM. Simultaneously, we stained SW480 with DAPI to determine the morphologic change in the cell nucleus.
DAPI staining (Fig. 3d-a) verified that pGshAPRILtreated cells had no nuclear pyknosis or lysis, a characteristic of apoptosis or death (Fig. 3d-b) and FACS scan displayed no statistical significance in apoptotic cell death Fig. 1 Knockdown effect after pGshAPRIL transfection in SW480. a Generation of stably transfected cell lines was screened by G418. b Inhibition effect of 4 kinds of plasmids were analyzed by Western blot. Gradation of negative control was fixed to 1. Data (the numbers under the bands) were presented as a relative fold of the minimum density in each panel. β-actin was the loading control. c RTFQ-PCR by SRBY Green I. APRIL mRNA level=(copies of APRIL/copies of 18S rRNA)×10 3 [35] , 18S rRNA was the control, **, P<0.01. Representative data from 3 independent experiments were shown among three groups (Fig. 3a) . These evidences demonstrated exogenous low levels of APRIL could not retrieve proliferation into apoptosis. To confirm that pGshAPRILtreated cells entered senescence-related cell cycle arrest, we analyzed DNA content by FCM with PI staining. Most cells that were transfected with pGshAPRIL were arrested in G1 phase (Fig. 3b, c) , which is one of the typical phenotypes in cellular senescence [26] .
HSPG Serves as a Prominent Receptor of APRIL or Co-Receptor in the Colon Carcinoma Cell Line, SW480
BCMA and TACI are two definitive receptors of APRIL and BLyS [5] [6] [7] [8] . However, whether HSPG serves as a third receptor or a binding partner for APRIL is unknown [17, 18] . To discuss the relationship between APRIL and HSPG in SW480 cells, we examined BCMA, TACI, and HSPG mRNA levels by RT-PCR. And then analyzed the potential interreaction between APRIL and HSPG syndecan-1 protein [18] through Co-immunoprecipitation (Co-IP).
RT-PCR revealed that BCMA was not expressed in SW480 at all, while TACI was expressed in trace quantities in SW480. By contrast, SW480 cells had a high level of expression of HSPG (Fig. 4a) .Moreover, Co-IP showed APRIL and HSPG had a close interaction with each other in SW480 cell line (Fig. 4b) . These findings verified that HSPG serves as a prominent receptor or Co-receptor of APRIL, at least, in colon carcinoma cells.
Induction of Cellular Senescence by Low Levels of APRIL Through a HSPG-Dependent Pathway
To investigate the possibility that HSPG is involved in cell senescence induced by low levels of APRIL, heparin was administered in pGshAPRIL-treated colon carcinoma cells in order to partially block HSPG. Moreover, we used a TACI-Fc fused protein to shield the cellular binding sites, which can interact with APRIL [5, 7] , then cells were treated with distinct ways and stained by SA-β-gal. We also detected the p16 It did not show statistical significance in SA-β-gal activity (low levels) between SW480 groups, heparin and TACI-Fc combined treatment groups, TACI-Fc treatment groups, heparin treatment groups, and control groups (Fig. 5a ). By contrast, high levels of SA-β-gal activity were exhibited in pGshAPRIL-transfected plus TACI-Fctreated groups or those transfected with pGshAPRIL (P< 0.01). SA-β-gal activity was shown to increase in groups with pGshAPRIL and heparin combined treatment and so did in pGshAPRIL, TACI-Fc add heparin treatment groups (P<0.05). Based on these findings, we concluded that pGshAPRIL triggered cell ageing through a HSPGdependent pathway, but not a TACI-dependent mechanism. Fig. 2 The growing potency and cellular senescence of SW480 were detected after transfection with pGshAPRIL. a Growth curve profile of SW480 with four kinds of treatment. b Morphology and cellular senescence staining after transfection with pGshAPRIL (×200). c Statistics of senile cell number. Values were the means ± SD of three independent experiments. Representative data from three independent experiments were shown. **, P<0.01
Furthermore, this cellular senescence may be associated with p16/Rb pathway because that p16
INK4a levels were upregulated in response to pGshAPRIL or heparin treatment cells with different degree (Fig. 5b middle panels) .
Discussion
APRIL has an important proliferation-inducing effect, including tumor cells growth [3, 6] . As a member of the TNF superfamily, APRIL has the classical TNF fold, which can recognize and bind to cysteine-rich domains (CRD) of the TNF receptor (TNFR) family [14, 27] . Nevertheless, two receptors, TACI and BCMA, bind APRIL, but neither is essential for the tumor-promoting effects, suggesting that a third receptor exists [17, 24] . Furthermore, the crystal structure of APRIL not only consists of the TNF fold, but also contains sulfated glycosaminoglycan side chain reaction sites [20] . Moreover, Hematopoietic cells expressing proteoglycans could accumulate APRIL, triggering auto- [17, 18] , so we did so in this article.
Some researchers have disputed that either HSPG serves as a receptor for APRIL or that HSPG is simply a co-receptor to aid APRIL to interact with its receptors [17, 28] . In this regard, utilizing HSPG syndecan-1, we demonstrated that the expression of HSPG is increased in SW480 more than TACI and BCMA, which are almost non-existent (Fig. 4a) . And on SW480, compact binding capability is existed between native APRIL and HSPG (Fig. 4b) . Therefore, we tend to believe that HSPG is a predominant receptor for APRIL, at least, in SW480 cell lines [25] . And we also did not eliminate a possibility that HSPG is only a co-receptor of APRIL due to the limit of the method of Co-IP.
In this study, our experiments demonstrated that the exogenous introduction of pGshAPRIL to the colon carcinoma cell line, SW480, which was overexpressed the APRIL gene, could induce cell senescence to some degree (Figs. 2b, 5a) . Simultaneously, not surprisingly, on these SW480 cells with a low level of expression of APRIL, when treated with heparin, blocked the heparin-sulfate sites of APRIL and the cellular senescence phenomenon in SW480 was alleviated (Fig. 5a) . Together, these findings showed that a low level of expression of APRIL resulted in cell ageing in SW480 via a HSPG-dependent way.
One critical question pertains to the signal that converts a reversible cell cycle arrest into senescence after knockdown treatment with pGshAPRIL. Alternative interpretations are as follows: First, HSPG expression is regulated by various signaling molecules in vitro, including HGF, EGF, cytokines, and chemotactic factors [30] . We clarified that APRIL was also a cytokine regulator for HSPG (Fig. 4a, b) . A previous study has indicated the oncogene Ras was positively expressed in the colon carcinoma cell line, SW480 (ATCC cellline description). Subsequently, we detected p16 levels in several kinds of treated SW480 cells, in view of inactive p53 capacity (mutation in codons 273 and 309) in SW480. A high level of p16
INK4a was produced in pGshAPRIL-transfected cells (Fig. 5b) . Finally, p14
ARF can activate the senescence program by lauching the p53-dependent pathway [29, 32] , however, it shows no alteration of p14 ARF level in differently treated SW480 cells (unpublished data). Therefore, p16/Rb pathway may be an alternative model. Cellular senescence was associated with an intense activity of SA-β-gal, a marker for senescent or stressed cultured cells as well as for aged tissues in vivo [32] . Even though β galactosidase might be uncharacteristic marker for ageing [33] , SW480 cells entered into a growth arrest of G1 phase (Fig. 3b) . At the same time, p16
INK4a and p19 ARF (p14 ARF in the human)-as robust biomarkers of mammalian ageing in almost all tissues [29] -were also detected in this investigation. Therefore, it is conceivable that cellular senescence results from reduced APRIL levels. And it remains us to recreate the signal pathway that induces cellular senescence by exogenous transfection of pGshAPRIL in future experiments.
In conclusion, the results in this study imply that downregulation of APRIL expression by transfection of pGshAPRIL reversed cell proliferation and partially converted a reversible cell cycle arrest into senescence in a HSPG-dependent way, although it was insufficient to induce cell apoptosis. These finding should enhance our understanding of the development of colon carcinomas and provide a new cancer therapy to them.
